Factor D (D) is an essential component of the alternative complement pathway. To determine whether D is catabolized by the kidney and, if so, at what site, we studied the renal handling of human D by in vivo nephron microperfusion and in vitro perfusion of rat kidneys. Human D was purified and labeled with 125I. Individual nephrons were perfused in vivo at varying rates with perfusate that contained 125I-D and [14C]inulin. When nephrons were perfused from proximal sites with perfusate 125I-D in a concentration of 3.0 micrograms/ml, urinary recovery of 125I-D increased (P less than 0.05) from 57.7 +/-5.0 to 74.4 +/-2.5% as tubule fluid flow rate was increased from 10 to 40 nl/min; recovery of 125I-D was less than (P less than 0.001) [14C]inulin recovery at all perfusion rates. At 20 nl/min, an increase in perfusate 125I-D concentration from 1.5 to 3.0 micrograms/ml was associated with an increase (P less than 0.001) in urinary 125I-D recovery (42.1 +/-4.0 vs. 65.8 +/-2.6%). Similarly, the addition of unlabeled D, 30 micrograms/ml, to 125I-D, 3.0 micrograms/ml, increased urinary 125I-D recovery (95.3 +/-2.1%) at 20 nl/min. When nephrons were perfused from early distal segments at 10 nl/min, 125I-D recovery (91. 
Introduction
The complement system comprises a group of proteins that interact in a cascade to form biologically active fragments that are integrally involved in the inflammatory process (1) . One ofthese proteins, factor D (D),' a serine protease with a molecular weight (2) , participates in the formation of C3 convertase in the initiation sequence and amplification loop of the alternative pathway (3, 4) . The sites of catabolism ofthis and other proteins of the complement system have been unknown. Recently, Sturfelt et al. (5) , and Volanakis et al. (6) demonstrated that serum D concentration correlates positively with serum creatinine concentration. We also showed that, in one patient with the Fanconi syndrome, urinary D concentration was extremely high (1, 300 ,tg/dl compared with undetectable concentrations in normal individuals) (6) . These data suggest that the kidney plays a major role in the removal of D from the circulation. Because in vitro alternative complement pathway kinetics is directly correlated with D concentrations (3), acceleration of complement activation that may occur in patients with renal failure may be an important contribution not only to progression of renal dysfunction, but also to some of the complications of end-stage renal disease.
Many low molecular weight proteins are known to be filtered at the glomerulus and subsequently reabsorbed and catabolized by the proximal tubule (7) (8) (9) (10) . Using both in vivo microperfusion and isolated perfused kidney techniques in the rat, the present series of experiments was designed to: (a) demonstrate directly catabolism of human D by the kidney; (b) determine the locus of uptake of D in the nephron; and (c) evaluate luminal factors that might influence reabsorption of D.
Methods
Purification and radiolabeling ofD. D was purified from either normal human plasma or urine from a patient with the Fanconi syndrome (6) by a combination of ion-exchange chromatography on Bio-Rex 70 and gel filtration on Bio-Gel P-60 (Bio-Rad Laboratories, Richmond, CA) followed by hydroxylapatite and reverse-phase high pressure liquid chromatography as described previously (2) . Purity was confirmed by electrophoresis on 5-20% polyacrylamide gradient slab gels containing 0.1% sodium dodecyl sulfate (SDS-PAGE), using the discontinuous buffer system described by Laemmli (1 1). Protein bands were stained with silver nitrate as described by Merril et al. (12) . Purified D was radiolabeled with '25I using the chloramine T method (13) . 20 AL of D (300 Ag/ml) were mixed with 10 Ml 0.5 M sodium phosphate buffer, pH 7.5, 500 MCi 251I-Na, and 10 Al chloramine T (5 mg/ml in 0.5 M phosphate buffer, pH 7.5) in that order. The reaction mixture was incubated for 3 min at room temperature and the reaction was stopped by adding 75 Ml sodium metabisulfite (2 mg/ml) and 75 Ml potassium iodide (2 mg/ml); this was followed by extensive dialysis against 0. 15 M NaCl. The specific radioactivity of '251I-D varied between 2.0 and 8.0 MCi/Mg. -99% of the radioactivity was precipitated by 10% trichloroacetic acid (TCA) and 92% by rabbit anti-D serum in the presence ofCowan I strain ofStaphylococcus aureus (Bethesda Research Laboratories, Gaithersburg, MD).
placed on a servo-controlled heated table. Rectal temperature, which was maintained at 370C, was monitored with a telethermometer (Yellow Springs Instrument Co., Yellow Springs, OH). Tracheostomy was performed and a PE-50 polyethylene catheter was placed in the right external jugular vein for intravenous infusion of 0.15 M NaCl at 3.0 mg/I00 g body wt/h. A PE-50 polyethylene catheter was inserted into the right femoral artery for continuous monitoring ofarterial pressure, which was measured with a model P231D pressure transducer (Gould-Statham Instruments, Hato Rey, PR) and was recorded on a model 7D polygraph (Grass Instrument Co., Quincy, MA). A small, suprapubic incision was then made and the bladder was cannulated with a PE-50 polyethylene catheter. Through a left subcostal incision, the left kidney was exposed, gently separated from the perirenal fat and adrenal gland, and placed in a Lucite cup. The ureter was cannulated at the hilum with PE-50 polyethylene tubing. A well was formed on the surface of the kidney with 2% agar and was filled with water-equilibrated mineral oil.
After a 1-h equilibration period, a timed urine collection from the left kidney was made, urine volume was determined gravimetrically, and micropuncture was begun. A pipette filled with artificial tubule fluid, which contained 130 mM NaCl, 5 mM KCI, I mM MgSO4, 10 mM NaHCO3, I mM NaH2PO4, I mM CaCl2, 4.5 mM urea, and was tinted with Food, Drug, and Cosmetic (FDandC) Green 3 (Keystone Aniline and Chemical Co., Chicago, IL), was inserted at random into an early proximal tubule segment close to a star vessel; a small bolus of the fluid was injected to outline the nephron segments. A pipette filled with bone wax was then inserted into the earliest surface proximal convolution or earliest surface distal segment and a small cast ofwax 4-5 tubule diameters in length was injected into the tubule with a microdrive unit (Trent Wells, South Gate, CA). A pipette that was attached to a microperfusion pump (World Precision Instruments, Inc., New Haven, CT), previously calibrated in vitro, was inserted into the tubule just distal to the wax block and the remaining nephron was perfused for 10 min. This pipette was filled with 0. 15 The microperfusion protocols were varied in the following fashions to examine the variables of D uptake. To determine the locus of D uptake, nephrons were perfused either from proximal or distal sites at 20 or 10 nl/min, respectively, with perfusate containing 125I-D in a concentration of 3 Mg/ml, which is -1.5 times the normal human serum D concentration of 1-2 jig/ml (14, 15) . This concentration was chosen to ensure adequate "I activity in the urine during perfusion at the lowest flow rate. To evaluate the role of tubule fluid flow rate in modulating D uptake, the nephron was perfused from proximal sites at 10, 20, 30, Isolated perfused kidney preparation. To investigate the roles of glomerular filtration and basolateral uptake in D catabolism further, we used the isolated perfused kidney technique. The preparation and perfusion ofisolated kidneys used in these studies are similarto those reported by us previously (16, 17) . Male Sprague-Dawley rats, which weighed between 210 and 320 g (259±17) and were maintained on regular rat chow and tap water ad libitum, were anesthetized with an intraperitoneal injection ofpentobarbital sodium (Nembutal, Abbott Laboratories, North Chicago, IL), 6-7 mg/100 g body wt. The abdominal cavity was exposed and the right ureter was cannulated with PE-IO polyethylene tubing. To maintain continuous renal perfusion, the superior mesenteric artery was cannulated with a beveled, 18-gauge needle that was advanced into the right renal artery and secured with ligatures. The right kidney was then excised from its surrounding tissues and was suspended from the cannulation needle while being perfused by gravity at 130 cm H20 for 30-60 s, before pump perfusion at 100 mmHg was begun. The perfusion pressure takes into account the pressure decline across the cannula. The kidney was perfused at 37-380C in a water-jacketed, recirculating perfusion apparatus. The perfusing solution was oxygenated continuously with a mixture of95% oxygen/5% carbon dioxide. The perfusate consisted of a blood-free, Krebs-Ringer bicarbonate buffer that contained 10 mM sodium acetate, 5 mM D-glucose, 5 mM urea, and 7.5% albumin (Bovuminar; Armour Pharmaceutical Co., Tarrytown, NY) in the normal, filtering preparations. To prolong viability of the isolated kidney preparation, the perfusate also contained the following L-amino acids: methionine, alanine, glycine, serine, proline, isoleucine, glutamine, arginine, and aspartic acid (18) . The solutions were adjusted to pH 7.4 and the final osmolality was -300 mOsm/kg. To stop glomerular filtration, perfusate albumin concentration was increased to 16 g/dl (19) . Unlike other techniques that produce a nonfiltering kidney preparation (20) , this method stops glomerular filtration without decreasing renal perfusion pressure.
[ 65.8+2.6%, which was the recovery of '251I-D at 3.0 gg/ml (P < 0.001) (Fig. 3) . In addition, when unlabeled D, 30 ,g/ml, was added to perfusate containing '251I-D, 3 .0 ytg/ml, and the nephrons were perfused from proximal sites at 20 nl/min with this solution, urinary 125I-D recovery increased to 95.3±2.1% (Fig. 3) . Thus, although the protein we used was radio-iodinated, there was competition by unlabeled D for uptake, suggesting that the iodination process did not alter '25I-D recognition by the luminal membrane of the proximal tubule. Isolated perfused kidney experiments. Urinary flow rate and inulin clearance were nil in the nonfiltering preparations, but renal perfusate flow was not different from flow in the filtering kidneys (Table I ). In the filtering kidney experiments, the fractional reabsorption ofsodium was 98.7±0.4% and the fractional excretion of potassium was 13.5±2.9%.
Because the perfusion system is a closed circuit, we examined 1251 activity of intact 1251I-D by immunoprecipitation. To demonstrate that the immunoprecipitate contained only intact D, we performed SDS-PAGE on every perfusate and urine sample from one nonfiltering and one filtering experiment. Fig. 4 shows the immunoprecipitates to be pure intact D. In the three nonfiltering kidneys, intact '251-D concentration in the perfusate did not decline, whereas it did decline to 39.7±14.6% of baseline over 1 h in the six filtering preparations (Fig. 5 ). In the filtering kidney experiments, the ratio of urine to perfusate (U/P) intact 25 I-D was 6.4±0.6, compared with a U/P inulin of 24 Many low molecular weight proteins are known to be catabolized by the kidney. Thus, enzymes such as lysozyme and horseradish peroxidase (7); albumin (9, 10); immunoproteins such as light chains of immunoglobulins; and peptide hormones including insulin, growth hormone, parathyroid hormone, glucagon, and prolactin (7, 8, 20) are catabolized at least in part by the kidney. Uptake by renal epithelial cells can occur via two possible routes: glomerular filtration with subsequent reabsorption and basolateral uptake from the peritubular circulation.
Most peptides require glomerular filtration for their catabolism (7, 10). Molecular size, tertiary structure, and electrical charge are the major determinants of filtration of proteins (22), although proteins smaller than 25,000 mol wt usually have glomerular sieving coefficients (GSC) greater than 0.50 (7). Therefore, D, a globular protein that has a molecular weight of -24,000 and isoelectric points of 6.6 and 7.0 (23), probably has a GSC of at least 0.50, making extraction of this protein from the circulation significant when the glomerular filtration rate is normal. We have previously shown a positive correlation between serum D and creatinine concentrations. In addition, one patient who had a Fanconi syndrome and a normal glomerular filtration rate had a urinary D concentration about 13 times the normal plasma concentration (6) . Finally, in our present study, D concentration did not decline in the nonfiltering isolated perfused kidneys, but did decrease and was degraded in the filtering preparations. Taken together, we conclude that glomerular fil- imal tubule cells, low molecular weight proteins require endocytosis into the cell for catabolism (7, 9, 10) . The initial adsorption ofa protein to the luminal membrane is somewhat selective and related to the net charge and other structural features of the protein; reabsorption, at least for some proteins, is saturable (27, 28) . In Although several studies have described the metabolism of complement proteins in health and in some disease states (29) (30) (31) , the organs involved in any complement protein catabolism have not been identified. The present findings, together with our previous data (6) , show that the kidney, or, in particular, glomerular filtration, is integral in maintaining serum D concentration in humans. Factor D circulates in human sera only as an active enzyme and can be recycled since it is not inhibited by known plasma protease inhibitors and it is not incorporated into the complexes formed by activation of the alternative complement pathway (3). In addition, selective removal of D activity totally impairs alternative pathway function; pathway activity is restored in a dose-dependent fashion by supplementation of the depleted sera with D (3). In the usual physiologic concentration of 1-2 ,ug/ml (14, 15) , D is the rate-limiting enzyme in the alternative pathway; it becomes nonlimiting at nine times its normal level (3) . Thus 
